Abstract. The paper discusses the subject of interaction between a roof truss, vaults and load-bearing walls in a masonry monumental structure. The static structural analysis of the Assumption of the Blessed Virgin Mary Basilica in Bialystok, as an example of Polish neogothic architecture from the turn of the 19th and 20th centuries has been carried out. The building consists of a three-aisled masonry walls system, which in cooperation with cross-ribbed vaults and a timber roof truss determine the spatial rigidity of the structure. Lack of concrete ring-beams and horizontal oriented ceiling slabs cause global stiffness reduction to the horizontal loads. In the past, it could have been one of the main reason for the appearance of cracks in the structure. The basic aspect having a real influence on building global behaviour is interaction of load-bearing structural parts. This structure was subjected to the static analysis with an investigation about the influence of interaction between the roof truss, vaults and walls. The values of horizontal displacements of walls were compared as a result of wind pressure acting on the structure. Numerical calculations were carried out using finite element method.
Introduction
Static analysis of monumental masonry structures is complicated and difficult to compute, which mainly results from the need to obtain the distribution of internal force values, as real as possible, in structural elements. Results are used during periodic technical expertise and at an early stage they allow predicting building damage sources. Locations of sensitive places in a structure are especially important, because their characteristic feature is the creation of local stress concentration [1] [2] [3] . Static analyses are also used to propose eventual reinforcements and determine their influence on structure behavior [4, 5] . The static analysis method of monumental masonry buildings in most cases goes beyond standard simplified approaches. Striving for the most credible modeling of the actual static work of a structure requires a consideration of cooperating elements, which are connected with the analyzed part. It results from the necessity of adopting, dependent on structural stiffness, correct loads distribution and consider redistribution of stresses [6] . Plane schemes are E3S Web of Conferences 49, 00113 (2018) https://doi.org/10.1051/e3sconf/20184900113 SOLINA 2018 replaced by spatial systems. The correctness of structure complex modeling is discussed [3, 7] , stressing the usefulness of using simplified methods, which in this case seem to fulfill only the verification function of obtained results. One of the main methods used in the analyzing process of historic masonry buildings in a complex manner is the finite element method, which is shown in numerous publications [1, [8] [9] [10] [11] [12] [13] .
The use of spatial schemes in static analysis is also associated with, despite a number of advantages, significant disadvantages such as the effort required in model generation and the extended time needed to solve the computational problem [1] . Time of geometric modeling for conducted research is dependent on complexity of the structural system, which is subjected to calculations. This is especially the case when it concerns historic buildings, which have often representative functions and a complex shape. Complexity of structure results among other things from curved load bearing elements such as vaults, a flying buttress system or arched lintels and beams. In the case of sacral buildings, a multi-nave structural system has a huge influence, which is associated with the occurrence of a multi-span and multi-storey flying buttress system (Fig. 1) .
Time consumption calculations of analyzed buildings in a complex manner is an effect of model size -there is a number of finite elements, which is needed to obtain appropriate, accurate results. The solution of the issue characterized by a large global stiffness matrix entails having a greater time consumption of calculations and necessitates having computer equipment with an above average computing power.
Structural systems occurring in monumental masonry structures are usually deprived of rigid horizontal ceilings, which allow loads distribution on the walls to be uniform. The specificity of historic masonry buildings is emphasized in [3, 7] publications, stressing that such buildings are sensitive to damage due to their characteristic structural elements. In modern apartment buildings, a function of the above mentioned horizontal plates are realized by concrete ceilings, which through concrete ring-beams ensure load transferring and guarantee good spatial stiffness of structure. Thanks to the mutual cooperation, horizontal loads from the wind acting on a structure or seismic activity can be uniformly distributed on all load-bearing walls and limit horizontal and torsional displacements.
Vaults appearing in monumental buildings are the equivalent of the ceiling in apartment buildings, but due to the curved shape they have reduced flexural stiffness. It has an influence on the global behaviour of a structure, because increased susceptibility of vaults reduces spatial stiffness of a building and endangers a structure to damage as a effect of excessive displacements. Also a precise definition of the form of connections is a significant issue, which despite the local importance can determine the behaviour of the entire vaults [13] .
The roof truss is also involved in the static work of whole building and connects load bearing walls in the upper part. The possibility of horizontal loads transferring between walls as in the case of vaults may raise doubts, because it results in a large extent from roof truss stiffness and the way it is supported by walls.
Degree of cooperation between the roof truss, vaults and walls is an important issue. In this article on example of a monumental masonry sacral building, a variable numerical analysis of spatial stiffness was carried out comparing horizontal displacements of load bearing walls.
Description of analyzed monumental building
The analyzed monumental building was the Assumption of the Blessed Virgin Mary Church in Bialystok. This building was constructed at the turn of the 19 th and 20 th centuries in the neogothic architectural style in the Vistula-Baltic variant. The popular at that time architectural style of temples in Poland was characterized by features referring to the classic gothic style -an ogival building shape and despite the considerable size, slenderness and visual lightness was visible from the observer's point of view (Fig. 2) . The temple has, reffering to the Latin crucifix horizontal projection form consisting of a three-aisled main system, a three-sided presbytery and transversely located nave. The church building has a total length of 68 m and width in the place of transept of approximately 35 m. The three-aisled system in the middle part of the structure consists of two lower side naves with a width of 6.25 m and a 10-meter higher nave. The total height of the church building including two front towers is approximately 72 m.
External walls have reinforcements in the form of pilasters and a flying buttress system, which are additional supports for the walls of the main nave transferring wind load and thrust forces from vaults to the lower structural parts and foundations. From the side of the existing white church, due to the fact that it's an adjacent building, there aren't any arches in the flying buttress system.
Interior of the temple is limited from the top by vaults supported by columns and external walls, which in the main nave, presbytery and transversal nave are located at an altitude of 23 m. Naves are covered with the cross vaults, except for the location over the crossing of main and transversal naves, where the lierne vault was constructed. The crystal vault is constructed over the chorus.
A queen-post timber roof structure is located above the main vaults, while above the side vaults a purlin-knee walls roof with an inclined knee wall is supported by masonry walls. The roof inclination angle is 44 and 60 degrees. In the place of the main and transversal naves' connection and near the towers, the roof truss has valleys. An additional slender bell gable is located above the lierne vault.
The facade of the church is decorated with numerous ornaments typical for gothic style, such as: blendes, pinnacles, graded pilasters, wimpergs, gargoyles, and an interior with finials and specific heads.
The main structural material of vaults and walls is masonry made of ordinary or profiled ceramic bricks and lime mortar [14, 15] .
During the time of over 110 years of exploitation, the structure was exposed to many destructive factors. Part of them resulted from the poor quality embedded in the structure's materials, but causing the biggest cracks, factors according to [14, 16] should be sought among exceptional loads that the building was exposed during world war II and immediately after it.
It could have been a series of vibrations caused by explosions during the demolition of the city. That could be the main reason of the formation of cracks. After the war, regular technical condition inspections were conducted. Opinions received from inspections led to further repairs, for example replacement of bricks and decorative elements, flying buttress arches and the repair of towers. Technical condition inspections confirmed that poor quality materials were used and this led to faster corrosion processes.
Basic assumptions of numerical analysis
In order to define the influence of the roof truss, vaults and walls interaction, a static analysis of horizontal displacements as a structure global stiffness determinant was carried out. Numerical calculations of church building main nave system were carried out on a previously prepared model using the finite element method (Fig. 3) . The masonry part of the structure was made of higher order 3D 10-nodes solid elements having three degrees of freedom per node. Maximum finite elements size was 70 cm. Boundary conditions resulting from the walls of the transverse nave and tower part of the structure were defined by blocking displacements in the direction of the acting wind load.
In the calculations according to the recommendations [1] , elements made of masonry were modeled as a macro-model [17, 18] . The assumptions about material homogeneity and material properties defined according to the [19] standard were made. Values of Young's modulus E=1.32 GPa and Poisson's ration v=0.2 for masonry were defined. Structural timber elements of the roof truss located above main and side naves were described by material characterized by Young's modulus E T =11 GPa and Poisson's ratio v T =0.05.
The temple building has an atypical shape, which mainly results from the perpendicular orientation of the main nave to transversal nave, characteristic flying buttress system and the two front towers crowning the entrance. Therefore, definition of the most reliable load distribution is significantly impeded. The current standard [20] in the case of an atypical building shape allows one to determine the wind load acting on a structure in a different way than the mathematical model included in the standard, based on recognized and reliable sources. In most cases, a wind-tunnel test on a specially prepared laboratory model of the building's shape are carried out. Examples of such an analysis can be found in [21, 22] .
It is the most accurate solution, but it requires high financial outlays for the research. In the other cases, adaptation of schemes contained in the standard [20] is also possible. Combining successive simple schemes, whose drag coefficient is given in the standard [20] allows obtaining values of wind load in buildings characterized by sometimes quite high complexity. However, this approach in relation to the wind tunnel tests is associated with greater error both in terms of underestimation as well as overestimation.
In the numerical research a wind load was assumed according to the current standard [20] , whose values are shown in Table 1 . Due to the lateral loads structure stiffness analysis, in addition to the wind load, only dead load resulting from the building's own weight was taken into account. The masonry weight was 1800 kg/m 3 , while the timber weight was 420 kg/m 3 . In the carried out numerical analysis, the values of horizontal displacements of the windward upper edge masonry wall were compared. The static linear analysis equilibrium equations are described by formula:
where:
[K] -global stiffness matrix {F} -load vector {u} -displacement vector
The measuring points are shown in Fig. 4 . Displacements analysis allows the determination of spatial stiffness changes under the influence of roof truss and the vaults' elimination from the static work of structure. In variants 3 and 4, loads acting on the roof, due to the lack of roof truss structure, were collected manually from the windward and leeward roof area and then applied to the upper edge of the main nave load-bearing walls in the form of a linear load. 
Results and conclusions
Based on the static linear numerical analysis carried out for each of the proposed variants, the values of horizontal displacements in the perpendicular area located at the face of the external walls at five measuring points were obtained. The results are shown in Table 2 and in graph (Fig. 5) .
In variant number 1 the roof truss and vaults cooperated with the walls. The lowest displacements reaching a maximum of approximately 6.1 mm were obtained at all measuring points. After removing the vaults (Variant 2) in relation to variant number 1, displacements significantly increased by nearly 71% in the middle of the wall span. Obtained in this way, results confirmed how important cooperation of the vaults is. In the next analysis (Variant 3), where the roof truss was eliminated from the static work of the structure, a displacement increase by approximately 16% was observed. This value corresponded to about a 7.1 mm displacement in the middle of the wall span. Results pointed out that vaults have a relatively greater influence on the spatial stiffness of a structure than the roof truss. The last variant (Variant 4) assumed that roof truss and vaults were removed from the structure. In this variant the highest displacement values were obtained and in relation to variant 1, they were greater by approximately 85%. Result confirmed that the roof truss and vaults have a direct influence on the global stiffness of structure. 
Summary
The article presents, on the example of a monumental neogothic church building, the issue of interaction between vaults and a roof truss with masonry walls. Comparison of horizontal displacement as an analysis result allowed determining the influence of the roof truss and vaults on building global stiffness. Both structural elements significantly reduce structure susceptibility for lateral loads. The roof truss structure has a smaller influence on the static work elimination (16%) than vaults removal (71%) in relation to the building structure with both systems cooperating with walls. The analysis of the structure without a roof truss and vaults showed a nearly 85% increase of displacements, confirming that occurrence of horizontal covering structures, which connect the load-bearing walls in monumental buildings is significant.
Badania zostały zrealizowane w ramach pracy nr S/WBiIŚ/1/2018 oraz nr MB/WBiIŚ/12/2017 i sfinansowane ze środków na naukę MNiSW.
